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Type III antifreeze proteins (AFPs) can be sub-divided into three classes of isoforms. SP and QAE2 iso-
forms can slow, but not stop, the growth of ice crystals by binding to pyramidal ice planes. The other
class (QAE1) binds both pyramidal and primary prism planes and is able to halt the growth of ice.
Here we describe the conversion of a QAE2 isoform into a fully-active QAE1-like isoform by changing
four surface-exposed residues to develop a primary prism plane binding site. Molecular dynamics
analyses suggest that the basis for gain in antifreeze activity is the formation of ice-like waters on
the mutated protein surface.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Type III antifreeze protein (AFP) is produced by several species
of marine ﬁshes (eel pouts) that inhabit ice-laden waters [1]. It is a
7-kDa globular AFP capable at low mM concentrations of depress-
ing the freezing point of a solution by as much as 1.5 C below the
equilibrium melting point [2]. The protein is typically produced
in vivo as a mixture of quaternary-amino-ethyl (QAE)-Sephadex-
and sulfopropyl (SP)-Sephadex-binding isoforms, with the two iso-
form sets sharing 50% sequence identity [3]. The Japanese
notched-ﬁn eel pout (Zoarces elongatus) produces a family of 13
distinct type III AFP SP- and QAE-isoforms (nfeAFP1–13), where
the QAE-isoforms can be further subdivided into QAE1 and QAE2
groups. QAE1-isoforms are fully active as antifreezes and com-
pletely arrest ice crystal growth at temperatures below the equilib-
rium freezing point of a solution. QAE2- and SP-isoforms have the
ability to shape ice crystals into hexagonal trapezohedrons, but are
incapable of preventing their growth unless supplemented with
some QAE1-isoform [4,5].
The reason for these differences in antifreeze activity of the iso-
forms is not understood. The ice-binding site (IBS) of the protein is
comprised of solvent-exposed residues from two sections (residueschemical Societies. Published by E
rell Hall, Queen’s University,
ies).9–21 and 41–42) of the linear sequence (Fig. 1) [6–12]. These res-
idues form two adjacent surfaces that are ﬂat and relatively hydro-
phobic, and which are inclined at an angle of approximately 150
to each other. The IBS surface that binds a pyramidal plane of ice
and includes residues Q9, L10, I13, N14, T15, A16, M21, and Q44
is relatively well conserved between the isoforms. Residues on
the adjacent IBS surface are more variable and can drastically alter
the protein’s antifreeze activity. Position 18 is always a Thr on this
surface, however, QAE1 isoforms, which have L19, V20, and S42,
can bind the primary prism plane of ice in addition to a pyramidal
plane, and are capable of fully arresting ice crystal growth. In the
SP isoform nfeAFP6, these residues are P19, A20 and G42 (Fig. 1).
Fluorescence-based ice plane afﬁnity (FIPA) analysis has demon-
strated that nfeAFP6 adsorbs solely to a pyramidal plane of ice
and is incapable of arresting ice growth at undercooling tempera-
tures [12].
Like nfeAFP6, nfeAFP11 (a QAE2 isoform) is also unable to pre-
vent ice crystal growth at undercooling temperatures, despite its
ability to shape ice into hexagonal trapezohedrons [4,5]. NfeAFP11
differs in its ice-binding residues in having Val, Val, Gly, and Ile at
positions 9, 19, 20, and 41, respectively (Fig. 1), distinct from both
nfeAFP6 (SP) and nfeAFP8 (QAE1). How these residues affect
nfeAFP11’s ability to bind ice is unknown. In this paper, we
describe the conversion of nfeAFP11 into a fully active QAE1-like
isoform via step-wise site-directed mutagenesis of residues 9, 19,
20, and 41 into their nfeAFP8 counterparts. The ice-bindinglsevier B.V. All rights reserved.
Fig. 1. Amino acid alignment of a QAE1 (nfeAFP8), QAE2 (nfeAFP11), and SP (nfeAFP6) isoform of type III AFP, and the compound IBS of the protein. Amino acid identity
between all three proteins is indicated by ⁄, while : represents a conserved substitution and . represents a weakly conserved substitution. Residues are numbered above the
alignment. Type III AFP (PDB 1HG7) is shown in surface mode with the primary prism plane segment of its IBS colored green and the pyramidal plane segment of its IBS
colored red. Residues on the IBS are numbered according to the alignment above. Water molecules from the 1HG7 PDB entry that match the spacing of waters on the primary
prism plane of ice are colored light blue and numbered according to the PDB entry. Hydrogen bonds are indicated by black hatched lines.
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and light microscopy, while the hydration of wild type and the
V9Q/V19L/G20V/I41V tetra-mutant was assessed in silico via
molecular dynamics (MD) simulations. The ability of nfeAFP11 to
order water molecules into an ice-like lattice that matches the pri-
mary prism plane of ice occurred only upon the simultaneous con-
version of residues at positions 9, 19, and 20.
2. Materials and methods
2.1. Site-directed mutagenesis and cloning
Wild-type nfeAFP11 was ligated into the pET20b expression
vector as previously described [4]. All mutants of nfeAFP11 were
created using standard overlap extension PCR methodologies [13]
and were veriﬁed by DNA sequencing.
2.2. Protein expression and puriﬁcation
All proteins assayed in this study (nfeAFP8 and nfeAFP11 (wild
type and mutants)) were produced recombinantly in Escherichia
coli BL21 (DE3) and puriﬁed via ion-exchange chromatography as
previously described [5]. For NMR measurements, E. coli cells were
transformed with a pKK223–3UC-based expression plasmid con-
taining a synthetic gene encoding either nfeAFP11 or nfeAFP11-
V9Q/V19L/G20V. Each transformant was cultured in M9 minimal
media including 15N-labeled NH4Cl and 13C-labeled glucose and
puriﬁed as described above. The two proteins were dissolved at a
ﬁnal concentration of 2 mM in 50 mM phosphate buffer
(pH = 6.8) containing 25 mM KCl.
2.3. NMR methodologies
NMR measurements were carried out at 4 C on a Varian Unity
INOVA 500 spectrometer with triple-resonance probe head and
z-axis pulsed ﬁeld gradient. The {1H–15N} heteronuclear singlequantum coherence (HSQC) spectra were acquired with the 1H car-
rier centered at the water frequency (5.01 ppm) and recorded with
spectral widths of 6000 Hz (1H) and 1400 Hz (15N), respectively.
The chemical shift was referenced to 4,4-dimethyl-4-silapentane-
1-sulfonic acid (DSS), and the temperature calibration of the probe
was performed by monitoring the 1H chemical shifts of methanol.
2.4. FIPA analysis
Wild-type nfeAFP11 and its mutants were labeled with TRITC
(Invitrogen P-T6105) as previously described [12], while nfeAFP8
was tagged with Paciﬁc blue™ succinimidyl ester (Invitrogen
P-10163). All single-crystal ice hemispheres were mounted with
a primary prism plane perpendicular to the long-axis of the cold
ﬁnger and were grown in an AFP concentration of ca. 0.1 mg/ml.
Images of hemispheres were taken with a NIKON D3000 digital
camera at a temperature of 1 C.
2.5. Ice crystal morphology and thermal hysteresis measurements
All proteins were tested in 100 mM sodium hydrogen carbonate
buffer (pH 8.5) as previously described [4,5].
2.6. Homology modeling of nfeAFP11 and mutants
Homology models of wild-type and mutant nfeAFP11 isoforms
were built using the program Modeller 9v2 [14]. Type III isoform
HPLC12 (PDB 1HG7) was used as the structural template. Ten mod-
els were made for each mutant, and the one with the lowest Mod-
eller objective function score was selected for hydration analysis
via MD simulation.
2.7. Molecular dynamics simulations
All MD simulations were performed as previously described
[15] with slight changes. Gromacs [16] was used for all
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water model [17], and then energy-minimized and subjected to a
50-ps position-restrained MD simulation prior to full-scale MD
for a duration of 10 ns at 273 K. The OPLS-aa force-ﬁeld [18,19]
was applied, along with Berendsen temperature and pressure
coupling. Total coordinates (protein and water) were extracted at
100-ps intervals (100 coordinate sets total/simulation) and were
aligned by performing a least-squares ﬁt on the protein Ca atoms.
The total electron density of all aligned frames was determined by
calculating crystallographic structure factors followed by a Fourier
transform using the programs SFall [20] and FFT [21] respectively
of the CCP4 software suite [22]. The electron densities were calcu-
lated with the protein and water in a P1 unit cell equivalent to the
box size used for the MD simulation. The FFT calculation used a
grid spacing of 0.33 Å and a resolution of 1 Å. Waters were then
manually built into the density using the program Coot [23].
3. Results
3.1. Wild-type nfeAFP11 is incapable of preventing ice crystal growth
Wild-type nfeAFP11 has previously been shown incapable of
arresting ice growth at undercooling temperatures [4]. We con-
ﬁrmed this result, showing ice crystals form hexagonal trapezohe-
drons in the presence of the protein that grow at a steady rate
(Fig. 2, row i). FIPA analysis of the wild-type protein revealed three
discrete patches of ﬂuorescence, with each patch centered about
the primary prism planes of the crystal and rotated roughly 45
from the crystallographic c-axis (Fig. 2, row i). Two distinct lobes
of ﬂuorescence were present within each ﬂuorescent patch, sym-
metric about the equator of the hemisphere. These results demon-
strate that wild-type nfeAFP11 adsorbs to a pyramidal plane of ice
and that adsorption to this plane is insufﬁcient to prevent the
growth of ice.
3.2. Sequential substitutions at positions 9, 19, 20, and 41 of nfeAFP11
endow the protein with full TH activity
We mutated four nfeAFP11 residues to their nfeAFP8 counter-
parts (V19L, G20V, I41V and V9Q) in a step-wise manner, and mon-
itored the ice-binding characteristics of each mutant. Similar to
wild-type nfeAFP11, the V19L single mutant (Fig. 2, row ii),
V19L/G20V double mutant (Fig. 2, row iii), and V19L/G20V/I41V
triple mutant (Fig. 2, row iv) were unable to prevent the growth
of ice at under-cooling temperatures despite their ability to shape
ice into hexagonal trapezohedrons. The V19L mutant was no more
effective than wild type at altering the rate of ice growth. However,
ice crystals in the presence of the double V19L/G20V and triple
V19L/G20V/I41V mutants grew at signiﬁcantly slower rates. All
three of these mutants produced a FIPA pattern that was similar
to wild type, but with subtle differences. In this pattern, a discrete
patch of ﬂuorescence was centered about each of the three primary
prism planes visible on the crystal. The patch had two lobes cen-
tered above and below the equator of each hemisphere but related
diagonally to each other.
The single V9Q mutant of nfeAFP11 was also, by itself, unable to
prevent ice crystal growth at under-cooling temperatures (Fig. 2,
row v). However, this protein shaped ice into hexagonal bipyra-
mids instead of hexagonal trapezohedrons seen with wild-type
nfeAFP11 and the V19L, V19L/G20V, and V19L/G20V/I41V mutants.
The FIPA result with the V9Q mutant showed a broadening and
amalgamation of the patches about the equator of the hemisphere.
This change in symmetry, in combination with the hexagonal bipy-
ramidal ice crystal morphology produced by the protein, suggested
afﬁnity towards the primary prism plane of ice.When the V9Q mutation was made to nfeAFP11 in concert with
the V19L, G20V, and I41 mutations, QAE1-like ice-binding charac-
teristics were endowed upon the protein (Fig. 2, rows vi and vii).
Ice crystals did not grow in the presence of either the triple V9Q/
V19L/G20V or quadruple V9Q/V19L/G20V/I41V mutants of
nfeAFP11. This is a precondition for measuring TH. The plots of
TH against protein concentration were almost identical to that of
nfeAFP8, a fully-active QAE1 isoform (Supplementary Fig. 1). FIPA
analyses of these two mutants (Fig. 2, rows vi and vii) were iden-
tical to nfeAFP8 (Fig. 2, row viii), where three distinct yet overlap-
ping patches of ﬂuorescence centered about the primary prism
planes of the crystal were observed. These results indicate the pro-
tein binds multiple planes of ice, including the primary prism
plane.
3.3. Wild-type nfeAFP11 and the V9Q/V19L/G20V/I41V tetra-mutant
show distinct hydration on their IBS’s
While a tertiary structure of nfeAFP11 has yet to be reported,
structures of other type III AFP isoforms and mutants have been
solved. They all fold with the same compact, beta-clip globular
structure ﬁrst seen for the QAE1 isoform HPLC12 [24,25]. We
therefore modeled the tertiary structures of wild-type nfeAFP11
and nfeAFP11_V9Q/V19L/G20V/I41V using HPLC12 (PDB 1HG7)
as the template in order to gain further insight into the ice-bind-
ing characteristics of these proteins at the molecular level
(Fig. 3). A Ramachandran plot showed that all residues of each
model fell within favorable regions and each protein was stable
throughout the course of a 10-ns solvated MD simulation (data
not shown). To further conﬁrm the fold and stability of nfeAFP11
and its mutants, we determined 1H–15N Heteronuclear Single-
Quantum Coherence (HSQC) NMR spectra for both wild-type
nfeAFP11 and the nfeAFP11_V9Q/V19L/G20V triple mutant
(Supplementary Fig. 2). Both spectra displayed excellent chemi-
cal shift dispersions, comparable to the HSQC spectrum of RD3-
Nl, a fully-active isoform of type III AFP [26]. These results
suggest all nfeAFP11 proteins investigated in this study display
the same fold and stability as wild-type QAE1-like isoforms of
type III AFP.
It is now thought that the mechanism by which AFPs bind to ice
is to organize ice-like waters on their IBS that merge with and
freeze to the quasi-liquid layer around ice [27–29]. Unfortunately,
the number of waters on the IBS of type III AFP in the X-ray struc-
tures is restricted by crystal contacts [30]. Nevertheless, there are a
few ice-like waters visible on the IBS of QAE isoform HPLC12 as re-
vealed by X-ray crystallography (PDB 1HG7). In particular, accord-
ing to the 1HG7 PDB entry, water molecules 15, 17, 18, 80, and 81
are freely exposed to solvent within the unit cell of the crystal
(Fig. 1,3C). When the quadruple mutant of nfeAFP11 (V9Q/V19L/
G20V/I41V) was modeled and its hydration analyzed in silico, dis-
tinct electron density for waters was observed on the IBS (Fig. 3A).
These waters are coordinated in the same manner as those found
on the surface of HPLC12 and they match the spacing of waters
on the primary prism plane of ice (Fig. 3C). Wild-type nfeAFP11
displays reduced solvation on its IBS (Fig. 3B). The Val and Gly at
positions 19 and 20 (in place of Leu and Val) limit the protein’s
ability to order water in this area due to their shorter side chains
and decreased hydrophobicity. While no crystal structure of
nfeAFP6 has been reported, the crystal structure of 1OPS, whose
IBS residues are identical to that of nfeAFP6, is known. It too is un-
able to order waters into a lattice that can recognize the primary
prism plane of ice due to the Pro and Ala at positions 19 and 20,
respectively, which simultaneously decrease the hydrophobicity
of the area and eliminate a main-chain water anchoring point
(Fig. 3D).
Fig. 2. Ice crystal morphology and FIPA analysis of wild-type nfeAFP11 and selected mutants. Ice crystal images down the left-hand column were taken at t = 0 min, while
those in the center were taken 30 min later. Ice crystal images in the presence of nfeAFP8 were taken with permission from [5]. FIPA analysis of each protein is shown down
the right-hand column. All hemispheres have a diameter of ca. 5 cm. The c-axis of each hemisphere runs vertically in the plane of the ﬁgure. All proteins were labeled with
TRITC except for nfeAFP8 (row viii), which was labeled with Paciﬁc Blue.
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Eel pouts produce many isoforms of type III AFP that were orig-
inally categorized as SP or QAE types [3]. More recently the QAE
isoforms have been further sub-divided into QAE1 and QAE2 types
[4,5]. All three types can shape ice crystals and retard the growth of
ice, but only the QAE1 isoforms are capable of stopping ice growth.
This observation was ﬁrst recorded when recombinant type IIIAFPs were produced free of other isoforms [31]. It is likely that
early preparations of SP isoforms from the natural source were
contaminated by trace amounts of QAE1 isoforms. Now it is known
that as little as 1% of the latter can impart full activity on SP or
QAE2 isoforms [4,5].
A previous study has shown that QAE1 isoforms of type III AFP
are capable of binding both the primary prism and a pyramidal
plane of ice, while SP isoforms adsorb solely to a pyramidal plane
3880 C.P. Garnham et al. / FEBS Letters 586 (2012) 3876–3881[12]. The difference in binding ability can be traced to amino acid
changes on the portion of the IBS that binds to the primary prism
plane of ice. Here we have tested the ice-binding speciﬁcity of a
QAE2 isoform and ﬁnd that it too only binds a pyramidal plane
of ice and not the primary prism plane. The amino acids present
on the side of the IBS that binds to the primary prism plane of
ice are different again from the SP and QAE1 isoforms. However,
by making just four amino acid replacements on this side of the
IBS (out of a total of 17 residue differences between the two pro-
teins), we have been able to convert the QAE2 isoform into a
fully-active AFP that stops ice growth and produces an ice-binding
pattern indistinguishable from that generated by a QAE1 isoform.
The notched-ﬁn eel pout produces three different QAE2 isoforms
of type III AFP (nfeAFP11–13). All three isoforms contain the same
residues at positions 9, 19, 20, and 41 of their primary sequence [4]
and we therefore predict that both nfeAFP12 and nfeAFP13 would
behave in the same manner as nfeAFP11 upon conversion to a
QAE1-like isoform.
A key change was the introduction of Gln9, which alters the ice
crystal morphology from a trapezohedral shape to a hexagonal
bipyramid. Hydration analysis of the tetra-mutant revealed the
side-chain oxygen of Q9 plays an important role, along with the
side-chain hydroxyl of Thr18, in anchoring the hydrogen-bonded
network of waters on the primary prism portion of the protein’sFig. 3. IBS hydration predicted for nfeAFP11_V9Q/V19L/G20V/I41V and wild-type nfeA
isoforms of type III AFP. (A) IBS hydration of the nfeAFP11 tetra-mutant. Waters matching
while other waters modeled into the density are colored red. Water electron density dete
black hatched lines. IBS residues are as indicated. Carbon atoms are colored green, nitrog
wild-type nfeAFP11. The coloring scheme is the same as in A). (C) X-ray crystal structu
match the primary prism plane of ice are shown as aqua spheres and are numbered accor
an SP isoform of type III AFP (PDB 1OPS). No waters are located on the primary prism pIBS (Fig. 3A, C). Preliminary NMR data show a 1H NMR signal orig-
inating from the OH-group of Thr18 in the triple mutant of
nfeAFP11 (V9Q/V19L/G20V) that is absent in the wild-type protein
(data not shown), suggesting the presence of a stable hydrogen-
bond between Thr18’s OH-group and a water molecule in the mu-
tant. Leu19 and Val20 also play a crucial role in anchoring water
molecules. In the MD simulation, the main-chain nitrogen atoms
of these residues each directly bind a water molecule, and this
brings the two waters within hydrogen-bonding distance of one
another, further strengthening the interaction. The relative hydro-
phobicity of the area, caused by the side-chains of Leu19, Val20,
Val41, and also by the side-chain methyl of Thr18, then facilitates
the formation of an ice-like lattice of waters that matches the pri-
mary prism plane of ice. It would appear that either a Val or Ile can
be tolerated at position 41 of the protein as was shown by the
identical FIPA analyses and TH activities of the V9Q/V19L/G20V tri-
ple and V9Q/V19L/G20V/I41V quadruple mutants of nfeAFP11.
Distinct electron density was observed for two water molecules
bound to the main-chain nitrogen’s of Val19 and Gly20 in wild-
type nfeAFP11 (Fig. 3B). However, these waters do not match the
spacing of waters on the primary prism plane. The different coor-
dination results from Gly20’s lack of a hydrophobic side chain that
allows for a water molecule to bind both the main chain nitrogen’s
of Gly20 and Met21, in place of the second water (water moleculeFP11 in comparison with that observed in the crystal structures of QAE1 and SP
the spacing of waters on the primary prism plane of ice are shown as aqua spheres,
rmined via MD simulation is contoured at r = 6. Hydrogen bonds are represented as
en atoms dark blue, oxygen atoms red, and sulfur atoms orange. (B) IBS hydration of
re of HPLC12 (PDB 1HG7) whose IBS residues are identical to nfeAFP8. Waters that
ding to the PDB entry. Carbon atoms are colored white. (D) X-ray crystal structure of
lane IBS.
C.P. Garnham et al. / FEBS Letters 586 (2012) 3876–3881 3881#80) bound to the main chain nitrogen of Val19 as is observed with
the tetra-mutant. These observations illustrate the complexity of
what constitutes an ice-binding site. Being ﬂat, extensive and rela-
tively hydrophobic are necessary attributes, but the crucial prop-
erty is that of organizing and retaining a quorum of ice-like
water molecules long enough for the AFP to bind to ice.
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